ABSTRACT Glycoprotein 78 (Gp78) is a critical E3 ubiquitin ligase in endoplasmic reticulumassociated degradation. Overexpression of Flag-tagged Gp78 (Flag-gp78), but not Flag-gp78 mutated in its RING-finger domain (Flag-RINGmut) with deficient ubiquitin ligase activity, induces mitochondrial fragmentation and ubiquitination and proteasome-dependent degradation of the mitofusin (Mfn) mitochondrial fusion factors Mfn1/Mfn2. After mitochondrial depolarization with carbonyl cyanide m-chlorophenylhydrazone (CCCP), Flag-gp78 induced a threefold loss of depolarized mitochondria and significant loss of the inner mitochondrial protein OxPhosV. Flag-gp78-dependent loss of OxPhosV, but not Mfn1 or Mfn2, was prevented by small interfering RNA (siRNA) knockdown of the autophagy protein Atg5 in CCCPtreated cells. Gp78-induced mitophagy required ubiquitin ligase activity, as it is not observed upon transfection of Flag-RINGmut or cotransfection of Flag-gp78 with ubiquitin mutated at three critical lysine residues (K29, 48, 63R) involved in polyubiquitin chain elongation. Short hairpin RNA knockdown of Gp78 in HT-1080 fibrosarcoma cells increased mitofusin levels and reduced depolarization-induced mitophagy, whereas siRNA knockdown showed that Mfn1, but not Mfn2, was required for Gp78-dependent depolarization-induced mitophagy. Mitochondrial depolarization induced Gp78-dependent expression of the autophagic marker LC3II and recruitment of enhanced green fluorescent protein-LC3 to the Gp78-and calnexinlabeled, mitochondria-associated ER. Finally, Gp78-induced mitophagy is Parkin independent, as it occurs in Parkin-null HeLa cells and upon siRNA-mediated Parkin knockdown in HEK293 cells. This study therefore describes a novel role for the ER-associated Gp78 ubiquitin ligase and the Mfn1 mitochondrial fusion factor in mitophagy.
INTRODUCTION
Mitochondria are dynamic organelles that undergo frequent cycles of fusion and fission that allow intermixing of metabolites and mitochondrial DNA, the renewal, redistribution, and proliferation of mitochondria, and cellular adaptation to energy demands (Knott et al., 2008) . Mitochondrial fusion maintains bioenergetic levels in case of injury, whereas fission is implicated in the maintenance of a healthy mitochondrial cellular pool by segregating damaged and inactive mitochondria for mitophagic elimination (Twig et al., 2008) . Mitophagy is the selective autophagic elimination of mitochondria that results in engulfment of mitochondria by autophagosomes (Lemasters, 2005) .
PINK1, a novel PTEN-induced putative kinase 1 (Unoki and Nakamura, 2001) , functions upstream of the cytosolic E3 ubiquitin ligase Parkin to promote mitochondrial dysfunction (Clark et al., 2006; Park et al., 2006; Yang et al., 2008) . PINK recruitment of Parkin to uncoupled mitochondria enables Parkin-mediated mitophagy (Narendra et al., 2008 Matsuda et al., 2010; Vives-Bauza et al., 2010) . PINK1 and Parkin genetically interact with components of the mitochondrial fission and fusion machinery, and the mitofusin (Mfn1 and Mfn2) mitochondrial fusion factors were identified as novelclustering of mitochondria labeled by transfection of pOct-dsRed (Figure 1 ). This effect depends on Gp78 ubiquitin ligase activity, as it is not observed in cells transfected with Gp78 mutated in the RING-finger domain (Flag-RINGmut-IRES-GFP). Based on fourdimensional (4D) movies of cells expressing both pOct-dsRed and GFP, and therefore Gp78, Gp78 overexpression significantly reduced the volume, elongation, and mobility of pOct-dsRed-labeled mitochondria. No significant effects were observed in FlagRINGmut-transfected cells, suggesting that Gp78 ubiquitin ligase activity is responsible for mitochondrial fission and fragmentation ( Figure 1 and Supplemental Videos S1-S3).
We investigated the effect of Gp78 ubiquitin ligase expression on mitofusin levels. In Cos7 cells, levels of endogenous Mfn1 and Mfn2 levels, but not the inner mitochondrial protein OxPhosV, were significantly reduced by expression of Flag-gp78 but not FlagRINGmut ( Figure 2A ). Gp78-dependent loss of Mfn1 and Mfn2 was prevented by proteasomal inhibition with MG132. Mitochondrial uncoupling with 10 μM carbonyl cyanide m-chlorophenylhydrazone (CCCP) for 24 h enhanced Flag-gp78-dependent degradation of Mfn1 and Mfn2 and also resulted in loss of OxPhosV. CCCP did not affect Mfn1 or Mfn2 levels in untransfected cells or FlagRINGmut-transfected cells. Immunoprecipitation of endogenous Mfn1 or Mfn2 shows that they are ubiquitylated in a Gp78-dependent manner ( Figure 2B ). Furthermore, a coimmunoprecipitation approach shows that Gp78 interacts directly with both Mfn1 and Mfn2 in a Ring finger-dependent manner ( Figure 2C ). Gp78 therefore targets both Mfn1 and Mfn2 for proteasomal degradation.
Gp78 induction of mitophagy is Mfn1 dependent
Mitochondrial fission is required for mitophagy (Nowikovsky et al., 2007; Twig et al., 2008; Kanki and Klionsky, 2009) , and the selective Gp78-dependent loss of mitochondrial OxPhosV suggests that Gp78 is inducing mitophagy. We therefore investigated whether Gp78 ubiquitin ligase regulates mitochondrial elimination upon depolarization. Cos7 cells transfected with Flag-gp78 or Flag-RINGmut and cotransfected with Flag-gp78 and hemagglutinin (HA)-Ub or HA-Ubmono, a triple lysine (K29, 48, 63R) Ub mutant that limits polyubiquitin chain extension, were incubated with CCCP for 24 h and mitochondria labeled with anti-OxPhosV. In cells transfected with Flag-gp78, mitochondrial mass was greatly reduced or even, in some cells, lost completely after CCCP treatment (Figure 3 ). Transfection with Flag-RINGmut did not affect mitochondrial mass after CCCP treatment. Furthermore, whereas cotransfection with HA-Ub had no effect on the ability of Flag-gp78 to induce mitochondrial loss, cotransfection with HA-Ubmono prevented Flag-gp78-induced mitophagy (Figure 3 ). Gp78-dependent loss of mitochondria is therefore dependent on its ubiquitin ligase activity.
Similarly, Gp78 induced mitochondrial loss upon CCCP treatment of HEK293 cells ( Figure 3B ). To define the contribution of autophagy to Gp78-induced Mfn1/2 degradation and mitochondrial loss, we knocked down autophagy-associated ATG5 in these cells. In the absence of CCCP, ATG5 knockdown did not affect Gp78 promotes mitophagy (Deng et al., 2008; Narendra et al., 2008; Dagda et al., 2009; Gegg et al., 2010; Tanaka et al., 2010; Ziviani et al., 2010) . Once localized to damaged mitochondria, Parkin facilitates autophagic mitochondrial clearance by ubiquitylating specific mitochondrial proteins (VDAC1) and recruiting autophagic adapters (p62/SQSTM1; Geisler et al., 2010) .
Glycoprotein 78 (gp78) is an endoplasmic reticulum (ER) membrane-anchored ubiquitin ligase (E3) that is a key component of the ER-associated degradation (ERAD) machinery involved in ubiquitination and degradation of various substrates, including CD3-delta, the T-cell receptor, ApoB lipoprotein, HMG CoA reductase, cystic fibrosis transmembrane conductance regulator, and the metastasis suppressor KAI1 (Fang et al., 2001; Liang et al., 2003; Zhong et al., 2004; Song et al., 2005; Tsai et al., 2007; Morito et al., 2008; Joshi et al., 2010) . Gp78 has been localized to a mitochondria-associated ER domain (Wang et al., 2000; Goetz et al., 2007) , and here we show that Gp78 induces mitochondrial fragmentation and targets the mitochondrial fusion proteins mitofusin 1 and 2 (Mfn1 and Mfn2, respectively) for degradation. Gp78 ubiquitin ligase activity is further shown to induce mitophagy upon mitochondrial depolarization and recruit the autophagosome marker enhanced green fluorescent protein (EGFP)-LC3 to the mitochondria-associated ER. Gp78-induced mitophagy requires Mfn1 but not Mfn2, defining a novel mechanism by which ER-associated Gp78 ubiquitin ligase activity regulates mitophagy.
RESULTS

Gp78 ubiquitin ligase activity induces mitochondrial fragmentation and proteasomal degradation of mitofusins
Overexpression of N-terminal Flag-tagged Gp78 (Flag-gp78-IRES-GFP) in Cos7 cells results in the fragmentation and perinuclear degradation of Mfn1 and Mfn2. Of importance, neither Gp78 expression nor ATG5 knockdown altered expression of OxPhosV. However, upon CCCP treatment, Gp78 expression induced loss of OxPhosV that was reversed by Atg5 knockdown ( Figure 3C ). Gp78 therefore induces ATG5-dependent mitophagy.
To demonstrate that Gp78 is a critical regulator of mitophagy, we used a lentiviral system to express Tet-inducible Gp78 short hairpin RNA (shRNA) in HT-1080 cells that express elevated levels of Gp78. After doxycycline treatment over 72 h, two Gp78-specific shRNA sequences (sh2 and sh6), but not a nontargeted control shRNA (shCN), were found to effectively knock down Gp78 protein expression, with sh6 showing a more robust reduction (∼60%) in Gp78 expression levels ( Figure 4A ). Reduction in Gp78 levels was associated with significant increases in Mfn1 and Mfn2 levels, confirming that expression of these mitochondrial fusion proteins is regulated by Gp78 ( Figure 4A ). After Gp78 knockdown with either sh2 or sh6 Gp78-targeted shRNAs, loss of mitochondria upon CCCP treatment was significantly reduced ( Figure 4B ). Similarly, reduced expression of the mitochondrial protein OxPhosV was partially reversed by Gp78 knockdown ( Figure 4C ). Endogenous Gp78 therefore regulates mitophagy in HT-1080 cells.
To determine whether mitofusin degradation mediates Gp78 regulation of mitophagy, we knocked down Mfn1 and Mfn2 by small interfering RNA (siRNA) transfection (48 h) in HEK293 cells ( Figure 5A ). siRNA by densitometry relative to β-actin (n = 3, ±SEM; *p < 0.05, **p < 0.01). (B) Endogenous Mfn1, Mfn2, and OxPhosV expression was detected by Western blot in Cos7 cells cotransfected with pcDNA, Flag-gp78, or Flag-RINGmut and treated or not with 20 μM CCCP for 4 h. Immunoprecipitates of endogenous Mfn1 and Mfn2 were immunoblotted with antibodies to Mfn1 or Mfn2, respectively, as well as ubiquitin (Ub; n = 3, ±SEM; *p < 0.05, **p < 0.01). (C) Cos 7 cells were transfected with empty vector (EV), Flag-gp78 (Gp78), Flag-RINGmut (RF), myc-Mfn1 (Mfn1), and myc-Mfn2 alone or cotransfected with Gp78-Mfn1, Gp78-Mfn2, RF-Mfn1, or RF-Mfn2. Anti-Flag immunoprecipitates were probed with antibodies to Mfn1, Mfn2, and Flag. Flag-Gp78 but not Flag-RINGmut interacts with Mfn1 and Mfn2. Flag-gp78 interacts with, reduces expression of, and ubiquitylates Mfn1 and Mfn2, indicating that Gp78 regulates mitofusin levels by targeting these proteins for ERAD.
in Mfn2-knockdown cells, it was no longer able to induce mitophagy in Mfn1-knockdown cells ( Figure 5B ). This suggests that Gp78 induction of mitophagy depends on Mfn1.
Gp78 recruits EGFP-LC3 to the mitochondria-associated ER
We then assessed expression of the autophagosomal marker LC3 upon mitochondrial depolarization. After CCCP treatment of Cos7 cells transfected with Flag-gp78, but not Flag-RINGmut or empty vector, expression of the autophagosomal membrane-associated LC3-II is elevated. The limited, although significant, expression of LC3-II is likely a consequence of the low transfection efficiency of only 15-20% of the cell population. Similarly, expression of the mitochondrial marker OxPhosV was significantly reduced in CCCP-treated, Gp78-transfected cells ( Figure 6A ). EGFP-LC3 exhibits, in untreated cells, a predominant cytosolic and nuclear localization. However, upon Flag-gp78 transfection, EGFP-LC3 shows a partial recruitment to the Flag-gp78 and calnexin-labeled ER that is dramatically enhanced upon CCCP treatment. CCCP-dependent EGFP-LC3 recruitment to the ER is not observed in FlagRINGmut-transfected cells or in cells transfected only with EGFP-LC3. Quantification showed a significant increase in EGFP-LC3/ Flag-gp78 and EGFP-LC3/calnexin colocalization selectively in Flag-gp78-transfected cells after CCCP treatment ( Figure 6B ). In CCCP-treated cells, Flag-gp78-transfected cells show reduced levels of mitochondria relative to untransfected cells ( Figure 6C ). The residual fragmented mitochondria are closely associated with EGFP-LC3-labeled ER domains ( Figure 6C ). These results are consistent with the recruitment of LC3 to a Gp78-positive ER domain that is closely associated with depolarized mitochondria.
Gp78 induced mitophagy is Parkin independent
As previously reported (Narendra et al., 2008; Geisler et al., 2010; Matsuda et al., 2010) , Parkin expression could not be detected by Western blot in HeLa cells. Parkin was expressed in HEK293 cells but not detected in Cos7 or HT-1080 cells ( Figure  7A ). As observed for Cos7 and HEK293 cells (Figure 3 ), Flag-gp78 induced mitochondrial loss upon CCCP treatment in HeLa and HT-1080 cells ( Figure 7B ). Furthermore, Parkin knockdown in HEK293 cells did not affect the extent of Gp78-induced mitochondrial loss (Figure 8 ). Gp78-induced mitophagy is therefore Parkin independent.
knockdown of either Mfn1 or Mfn2 did not affect CCCP-induced mitophagy in cells transfected with empty vector. However, whereas overexpression of Flag-gp78 enhanced CCCP-induced mitophagy Table S1 for mitochondrial area values. (C) HEK293 cells were transfected for 24 h with either control siRNA or ATG5-specific siRNA and then transfected with Flag-gp78 for a further 24 h. Cell lysates were blotted with antibodies to Mfn1, Mfn2, OxPhosV, ATG5, and β-actin, and anti-Flag immunoprecipitates were probed with anti-Flag antibodies to reveal presence of Flag-Gp78. C autophagy. Gp78 interacts directly with the mitofusins and induces their ubiquitylation and degradation in a RING finger-dependent manner. Gp78-induced mitofusin degradation is prevented by the proteasomal inhibitor MG132 but not inhibition of autophagy by ATG5 knockdown. In contrast, Gp78-dependent loss of inner mitochondrial OxPhosV occurs selectively after mitochondrial depolarization and is prevented by ATG5 knockdown. In HT-1080 fibrosarcoma cells, Gp78 knockdown results in elevated mitofusin levels and reduced mitochondria loss upon CCCP treatment. The mitofusins therefore represent substrates of Gp78 ubiquitin ligase activity whose loss results in mitochondrial fission and, upon mitochondrial depolarization, mitophagy. Inhibition of mitochondrial fusion through loss of mitofusins may represent an essential element of autophagic elimination of depolarized mitochondria by segregating damaged mitochondria from the mitochondrial network (Nowikovsky et al., 2007; Twig et al., 2008; Kanki and Klionsky, 2009 ). Indeed, mitochondrial fusion to form tubular networks protects mitochondria from starvation-induced autophagy (Rambold et al., 2011) . Induction of mitophagy by Parkin upon mitochondrial depolarization is also associated with ubiquitylation and degradation of Mfn1 and Mfn2 . However, Gp78-induced mitophagy is Parkin independent, as it is still observed in Parkin-null HeLa cells and not affected by Parkin knockdown in HEK293 cells. This identifies Gp78 as an ER-associated ubiquitin ligase capable of inducing mitophagy.
Autophagy is a lysosomal pathway involved in the turnover of cellular macromolecules and organelles. However, the origin of the initial autophagic membrane, phagophore or isolation membrane, remains uncertain and ER, mitochondria, and plasma membrane have been proposed to be potential sites of autophagosome formation (Tooze and Yoshimori, 2010; Weidberg et al., 2011) . Dunn (1990) originally showed that autophagic vacuoles were not formed from plasma membrane, Golgi apparatus, or endosomal constituents but from ribosomefree regions of the rough ER. Recently 3D electron microscopic tomography described direct contacts between the phagophore and the ER, and autophagosomes were shown to derive from phosphatidylinositol 3-phosphate-enriched compartments connected to the ER (Axe et al., 2008; Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009) . Electron microscopy studies with the Gp78-specific 3F3A monoclonal antibody (mAb) localized Gp78 to the plasma membrane and smooth mitochondria-associated and peripheral ER domains (Benlimame et al., 1995 (Benlimame et al., , 1998 Wang et al., 1997, 
DISCUSSION
Gp78 is a key component of the ERAD machinery, a process involving recognition of misfolded proteins, ubiquitylation, deglycosylation, retrotranslocation to the cytosol, and targeting to the proteasome Fairbank et al., 2009) . In this study, we show that Gp78 ubiquitin ligase activity induces ubiquitylation and proteasome-dependent degradation of Mfn1 and Mfn2 and regulates mitochondrial fission/fusion and mobility, as well as mitochondrial Table S1 for mitochondrial area values). (C) Western blots show anti-Gp78 (3F3A), mitochondrial OxPhosV, and β-actin expression in the cells. 3F3A and OxPhosV band density were quantified by densitometry relative to β-actin (n = 3, ±SEM; *p < 0.05, **p < 0.01). the Gp78 and Parkin ubiquitin ligases. However, Gp78-induced mitophagy is associated with recruitment of LC3 to the ER and requires Mfn1, defining a distinct cellular pathway to eliminate damaged mitochondria.
MATERIALS AND METHODS
Antibodies and chemicals
3F3A anti-gp78 mAb is as described (Nabi et al., 1990 
Cell culture, constructs/transfection, and treatments
Cos7 and HEK293 cells were grown in complete DMEM and transfected using Effectene (Qiagen, Valencia, CA). HA-Ub and HA-Ubmono (K29, 48, 63R) expression plasmids were obtained from Tony Morielli (University of Vermont, Burlington, VT), pOct-dsRed from Heidi McBride (University of Ottawa, Ottawa, Canada), and pEGFP-LC3 (Kabeya et al., 2000) from Noboru Mizushima (University of Tokyo, Tokyo, Japan). Myc-tagged Mfn1 and Mfn2 cDNA were purchased from Addgene (Cambridge, MA). Flag-gp78 in pcDNA3.1(+) was as described (Goetz et al., 2007) , and Flag-RINGmut (C356S) was generated by point mutation using the QuikChange mutagenesis kit (Stratagene, Santa Clara, CA). For 4D analysis, Flag-gp78 and FlagRINGmut were cloned in pIRES2-EGFP and GFP used to identify transfected cells. For CCCP treatments, cells were incubated for 24 h with complete fresh media containing 10 μM CCCP for mitophagy measurement, 2 h with 10 μM CCCP for measurement of LC3 expression and EGFP-LC3 distribution, or 4 h with 20 μM CCCP for measurement of mitofusin degradation. Specific siRNAs against Parkin, Atg5, mitofusin 1, and mitofusin 2, as well as control siRNA, were from Thermo Scientific Dharmacon (Lafayette, CO) and were transfected using Lipofectamine according to the manufacturer's instructions.
Doxycycline-inducible, Gp78-knockdown, HT-1080-stable cell lines pGIPZ clones carrying 30-base pair shRNA-mir sequences (RHS4531-NM_001144, V2LHS_11875, V2LHS_14183, V2LHS_208794, Gp78/calnexin-positive ER domain that is closely associated with depolarized mitochondria supports a role for the ER in mitophagy.
The basis for the selective requirement of Mfn1 and not Mfn2 for Gp78-mediated mitophagy is not clear. Both mitofusins (Mfn1 and Mfn2) are transmembrane GTPases embedded in the outer membrane of mitochondria, and Mfn1 is selectively required to mediate inner mitochondrial membrane fusion through interaction with the dynamin-related protein OPA1 (Cipolat et al., 2004) . A mitochondrial-associated ubiquitin ligase, MARCH5, selectively degrades Mfn1 and not Mfn2, and loss of MARCH5 results in mitochondrial elongation and stress-induced senescence (Park et al., 2010) . Ectopically expressed Mfn1 inhibits amino-terminal activation, but not mitochondrial translocation, of Bax during staurosporineinduced apoptosis, whereas overexpression of Mfn2 has no effect (Ryu et al., 2012) . Our data describe a novel role for Mfn1 as a regulator of Gp78-dependent mitophagy.
These results therefore describe Gp78 as a novel regulator of mitochondrial fission and fusion and, upon mitochondrial uncoupling, mitophagy. Mitofusin degradation and mitochondrial fission are common elements associated with mitophagy induced by both 
Immunofluorescence and live-cell imaging
Cells were fixed by precooled methanol-acetone (80-20% [vol/vol] , −80°C) or, for EGFP-LC3-transfected cells, fixed with 3% paraformaldehyde, permeabilized with 0.5% Triton X-100, and labeled with 3F3A, OxPhosV, calnexin, and Flag antibodies as described previously (Goetz et al., 2007) . Confocal images were obtained with the 100×/numerical aperture 1.4 UPlanApo objective of an Olympus FV1000 (Olympus, Tokyo, Japan) or the 60× PlanApo objective of a Nikon A300 confocal microscope (Nikon, Melville, NY). Colocalization was analyzed using ImagePro image analysis software (Media Cybernetics, Bethesda, MD). The 4D analysis and tracking of pOctdsRed mitochondria was performed using a III-Zeiss spinning disk confocal microscope (Carl Zeiss, Jena, Germany) and Sharpstack image analysis software (Intelligent Imaging Innovations). Stacks were acquired every 5 s over 2 min and mitochondria movement tracked over at least five frames. To measure mitochondrial loss V2LHS_206751, V3LHS_361162, V3LHS_361167, V3LHS_361166) specifically targeting Gp78 (NM_001144, AF124145, AK023874, BC017043, BC056869, BC069197, CR593778, CR625924) were purchased (Open Biosystems, ThermoFisher, Huntsville, AL) and used to establish stable Gp78-knockdown HT-1080 cell lines (St-Pierre et al., 2012) . To generate doxycycline-inducible Gp78 knockdown cell lines, we used pTRIPZ vector (Open Biosystems) and transferred the effective shRNA mir sequences (#2, #3, #6, and #8) from pGIPZ to pTRIPZ by MluI-XhoI cloning strategy and verified the sequences. A second-generation packaging strategy was used to generate lentivirus particles. Briefly, ∼5 × 10 7 HEK293T cells, acting as a host, were plated in DMEM complete medium for 24 h and transfected on the next day with various pTRIPZ vectors by calcium phosphate method, along with GagPol Rev (M334) and Env (M5) packaging plasmids following standard protocol. At 6 h postincubation, the medium was changed, and after 48 h retrovirus particles were cleared through a 0.45-μm filter, collected, and assessed for their infective ability. HT-1080 human fibrosarcoma cancer cells were plated and incubated 24 h before subjecting them to spinoculation with retrovirus particles. Cells were selected against puromycin (2 μg/ml; Invitrogen, Carlsbad, CA) for approximately 1 wk, and resistant cells were induced with doxycycline (1 μg/ml) Table S1 for mitochondrial area values. 
Western blots and immunoprecipitation
Western blots and immunoprecipitations were as described (Fu et al., 2011; St-Pierre et al., 2012) . To assess Gp78-dependent ubiquitylation, we transfected pcDNA, Flag-gp78, or Flag-RINGmut mutant for 24 h and, where indicated, cotransfected them with myc-tagged Mfn1 or Mfn2. Cell lysates were immunoprecipitated with anti-Flag M2 agarose beads (300 μg protein) or with anti-Mfn1 or Mfn2 antibodies, followed by protein A-Sepharose beads, and the immunoprecipitates were blotted with anti-Flag mAb, anti-ubiquitin pAb, or anti-mitofusin 1 and 2 mAbs. To assess expression of Gp78, LC3 isoforms, and mitochondrial markers, we probed cell lysates with 3F3A, LC3, and anti-OxPhosV antibodies, respectively. All antibodies were revealed using appropriate horseradish peroxidase-conjugated secondary antibodies and detected with ECL (GE Healthcare Bio-Sciences, Piscataway, NJ). Densitometry was performed using Quantity One V4.62 software (Bio-Rad, Hercules, CA).
